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This paper reviews and presents a coherent approach to the design of compact vertical coupler (VC) in InP-based compound
semiconductor with variable polarization dependence. As a polarization-independent (PI) coupler, the VC is shown to transfer
light with more than 90% eﬃciency for both transverse-electric (TE) and transverse-magnetic (TM) polarizations. As a
polarization-mode splitter (PMS), the VC is shown to preferentially couple TE or TM modes with a contrast ratio of up to 20 dB.
We further demonstrate the single-mesa VC, which simplifies the fabrication process and potentially could improve the process
yield, and its integration with a multimode interferometer (MMI). The versatility makes the VC a compact and useful input-stage
device that not only maximizes input/output coupling eﬃciency to small active devices but also provides a degree of polarization
control before the actual device.
1. Introduction
The concept of photonic integrated circuit (PIC), a photonic
chip with many devices and multifunctional capability,
actually emerged in the 1960s, about the same period where
integrated electronics started moving to the forefront of
technology. However, advances in PIC are few and limited
compared to its electronic counterpart. This is because
a functional PIC usually requires many diﬀerent devices,
both active and passive, each of which may have a distinct
functionality and requirement. In contrast, complicated
electronic IC can be formed just by transistors and a few
passive components. Furthermore, feedback circuitry in
photonics is still in its infancy, whereas in electronics, it
is widely implemented. Thus, this has inhibited stable and
consistent performance over some large scale integration.
The rapid development in optical communication sys-
tems has accelerated the drive for more integrated photonic
devices because of the advantages it can provide. PIC is able
to reduce the system size and cost and improve the reliability
as the number of discrete devices is reduced. Besides, it
minimizes the number of fiber interconnections between the
discrete devices, which is usually the main source of optical
loss, especially if the photonic devices are small compared to
the fiber. Also, since the devices are now very near to each
other on the same substrate, the optical propagation loss
could be reduced as well.
Despite the advantages that PIC can provide, the search
for a universal platform is still an elusive goal. Monolithic
integration is the preferred architecture of integration. Since
multiple optical devices are to be integrated into a chip with
minimum size andmaximum functionality, the devices must
be compatible with each other, and the integration platform
must be able to support the diﬀerent devices. Generally, the
material used for monolithic integration must possess the
following characteristics:
(i) it must support all passive (light guiding) and
active optical functions (modulation, amplification,
switching, and etc.) required for a particular circuit,
(ii) it must be able to provide material bandgap in
telecommunication wavelengths (the 1.30–1.60 µm
wavelength window),
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(iii) it must demonstrate good electrical functionality for
optoelectronic applications, and
(iv) it must be suited for miniaturization.
One of the most commonly used materials that fulfill all the
above requirements is the compound semiconductor indium
phosphide (InP). Therefore, it will be used throughout our
context.
Various photonic integrated devices have been demon-
strated with InP. The simplest PIC demonstrated is the
spot-size-converter integrated laser [1–5]. Lasers integrated
with electroabsorption modulators (EAM) to provide higher
bandwidth in excess of 1Gb/s have also been demonstrated
since more than a decade ago [6–9]. They exceed the
bandwidth achievable by the commercially available direct
modulated laser for telecommunication. Following this, laser
integrated with semiconductor optical amplifier (SOA) has
been developed in 2002 [10]. PICs with higher integration
level, with some having over 50 functions on a single chip
monolithically have been developed [11–15].
In monolithic integration, several approaches to create
regions with diﬀerent material bandgaps on the same
substrate have been presented in literature. The diﬀerent
material bandgaps are needed because active and passive
devices require bandgap that is absorbing and nonabsorbing
at the operating wavelength, respectively. One of such
approaches is the etch-and-regrowth process. However, this
method tends to sacrifice simplicity and yield and exacerbate
the scattering and reflection losses at the growth interfaces.
quantum-well intermixing (QWI) [16–20] is a relatively
simple alternative which involves postgrowth manipulation
of the bandgap of a quantumwell, and it allows the active and
passive devices to coexist on the same material layer without
regrowth.
All the above-mentioned approaches are limited to lateral
integration and require both the active and passive devices
to share the same layer thicknesses and doping, which is
not always desired. Active devices usually require smaller
thickness for the light confinement layer and higher doping
at the contact layer, such as those in lasers diode or
in modulators. For passive devices like waveguides, such
requirement is detrimental. In fact, larger waveguides have
less propagation loss, lower fiber coupling loss and are
relatively easier to fabricate. Lower doping also reduces the
free carrier loss.
Most of the problems discussed above can be relieved by
using vertical integration, in addition to planar integration.
Vertical integration integrates devices vertically, and the
devices on diﬀerent vertical levels communicate through
the vertical coupling of light. Hence, a vertical coupler,
which comprises two vertically stacked waveguides capable
of coupling light between each other, is essential as it
provides the way to facilitate vertical integration. Because the
devices and waveguides are constructed on diﬀerent lateral
planes, they are able to provide several useful advantages and
solutions to the problem discussed previously, and these are
summarized below.
(i) The devices can have diﬀerent layer thicknesses. For
example, one can have a thicker and wider waveguide
core as the input waveguide to an active device, which
has very thin and narrow core. The larger waveguide
can improve the fiber coupling because it increases
the modal overlap with the optical fiber.
(ii) It allows the flexibility in having diﬀerent mate-
rial bandgaps, doping concentrations, or refractive
indexes in diﬀerent layers. This can be done in just
a single epitaxy growth.
(iii) It provides another dimension of photonic integra-
tion, which is the vertical integration.
Together with other planar integration techniques,
they can lead to a 3-D high-density PIC.
Due to these advantages, the vertical coupler structure,
being one form of spot-size converter or sometimes being
denoted as asymmetric twin waveguides technology (ATG),
has been studied in details [21–23] and utilized in diverse
applications [24–43].
A common property of the VC is that it is a
polarization-dependent device due to the polarization-
dependent wave propagation in the ridge waveguides as well
as the polarization-dependent coupling between them. This
polarization sensitivity will transfer to the actual device. A
polarization sensitive device may have limited applications in
fiber-optic communication systems in which the polarization
states of input optical signals to the photonic devices may
change randomly as a function of time. Hence, this has
imposed a need for a polarization-independent VC. On
the other hand, there may be some situations in which a
polarization-dependent coupler is useful. For example, in
polarization-diversity detection, the VC may be used as a
polarization splitter, in addition to serving as the low-loss
coupler to the detector, as shown conceptually in Figure 1. In
some cases, a variable polarization-dependent coupler may
be used to compensate for the polarization dependence in the
fiber coupling eﬃciency. This flexibility makes the vertical
coupler a very compact and unique device, quite distinct
from other polarization splitters based on other architectures
or material platforms [44–49].
In this paper, we present our studies on the polarization
dependence of the asymmetric-waveguides VC with a view
to its application as an input-stage device with variable
polarization dependence. Some new results are reported,
but to be more comprehensive, we also review some of
our previous results. As far as we know, the polarization
dependence aspect of vertical couplers has not been reported
before us, and it is only recently that some researchers have
reported similar results [50, 51] that cited our works [52–54].
In the following sections, we will review five design
variations from us, being
(i) polarization-independent (PI) coupler with the
tapered transfer section designed around the region
where the vertical coupler is almost polarization
independent;
(ii) polarization-dependent coupler (PDC), or polariza-
tion mode splitter (PMS), designed to employ the
polarization-dependent characteristic of the asym-
metric waveguides vertical coupler;
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(iii) three-layer VC, a generalization of the two-layer case;
(iv) single-mesa vertical coupler, which could simplify
the fabrication process of conventional double-mesa
vertical coupler.
All these summarize our works done on the polarization
dependence aspect of asymmetric-waveguides vertical cou-
plers. The proposed concepts show the novelty of the works,
and they will be emphasized. The device performances
presented are the best eﬀort of the authors, but by no
means, the best achievable from the proposed concepts.
Other simulation methods could also yield diﬀerent or better
optimized results, but it is not within the scope of the paper,
and, thus, the paper does not pursue further into this.
There are also other material systems that could be
employed in realizing the vertical coupler architecture. One
example is the silicon-on-insulator (SOI), and it has been
reported in [51, 55]. However, it is the scope of this
paper to present the examples in InP-based compound
semiconductor only; hence, other materials are not discussed
despite their well-perceived potential. It is also noted that
the wavelength dependence of vertical couplers could be of
great interest, but it is beyond the coverage of this paper, as it
requires more detail and extensive studies. They might form
the future work of the author and would publish elsewhere.
In all simulations, the operating wavelength of the device
is assumed to be 1.55 µm, and the three-dimensional (3-
D) semivectorial finite-diﬀerence beam-propagationmethod
(FDBPM) is used [56]. All core materials are assumed to
be InGaAsP with diﬀerent compositions, and all cladding or
spacer materials are assumed to be InP. The composition of
various elements in InGaAsP, corresponding to the various
refractive indexes can be estimated with Broberg’s model
[57].
2. Design of Polarization-Independent
Vertical Couplers
The schematic of our VC is shown in Figure 2. The VC con-
sists of two asymmetric waveguides one on top of another,
separated by a thin spacer layer. The lower waveguide has
a large uniform cross-section, while the upper waveguide
is tapered and has a smaller core and higher refractive
index than the underlying waveguide. For our illustration,
we assume the substrate and the spacer material to be
InP, and the waveguide core material to be InGaAsP. For
typically application, the material structure of the upper
waveguide is usually predetermined because it contains the
actual integrated device. The designer has control only over
the structure of the underlying passive waveguide.
For integration, the compactness of the VC is important.
Hence, resonant coupling is the dominant mechanism being
utilized in our design of the VC. Resonant coupling occurs
between two asymmetric waveguides as long as they have the
same eﬀective index. However, practically the eﬀective index
of these waveguide is not known or controlled precisely.
Therefore, the upper waveguide of an asymmetric waveguide
VC is usually designed to be slowly tapered, with initial and
final widths values enclosing the critical region for resonant
PhotodetectorVertical coupler
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waveguide
Figure 1: Illustration of polarization-diversity detection employing
the vertical coupler polarization splitter. P: polarization.
coupling. A taper waveguide allows more tolerance to the
deviation of the actual material indexes and the operating
wavelength than a uniform waveguide. It is more eﬀective to
taper the upper waveguide, rather than the lower waveguide,
because the upper waveguide eﬀective index is more sensitive
to width variations. Many tapering mechanisms have been
discussed in literatures, but they are not within the scope of
this paper, and, hence, they will not be discussed.
The eﬀective indexes, Ntop of a tapered upper waveguide
are a function of width only for the TE and TMpolarizations,
provided a given combination of core index and core
thickness. This is illustrated in Figure 3. The waveguide
birefringence ensures that the eﬀective index is generally
diﬀerent for TE and TM polarizations, except at a specific
width, which we denoted as the critical width, Wc, where
they are equal. The waveguide birefringence is due to the
material and structural asymmetry of a ridge waveguide
that causes the TE and TM waves to see diﬀerent material
interfaces. This diﬀerence in interfaces will aﬀect their mode
distributions and subsequently their eﬀective indexes. At
the critical width, the waveguide is said to be polarization
independent. For the lower waveguide, it is approximately
polarization independent due to its relatively large and
symmetric geometry. It has a single eﬀective index value,Nlow
and is represented by the horizontal line in Figure 3.
With our VC structure, resonant coupling occurs at the
point on tapered waveguide, where Ntop = Nlow. We denote
the width of the tapered upper waveguide at which this
occurs as the resonant width, Wr . The resonant widths are
generally diﬀerent for TE and TM polarizations, which also
mean that the resonant transfer occurs at diﬀerent points
along the taper. Thus, a VC is generally polarization sensitive.
However, if the resonant widths coincide with the critical
width Wr = Wc, then the coupling becomes relatively
polarization insensitive. These behaviours form the basic
principle for our design of VCs with arbitrary polarization
dependence.
For a polarization independent VC, we design the
coupled waveguides such that the TE and TM resonant
widths are as close as possible to the critical width. For
polarization mode splitter, on the other hand, we maximize
the diﬀerence between the TE and TM resonant widths,
which also tend to bring the resonant widths as far as possible
from the critical width. Nevertheless, in either case, it is
important to know the critical width. Therefore, in [54], we
have plotted Wc and its corresponding eﬀective index Nc
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Figure 2: Schematic of two vertical couplers arranged in back-to-back configuration. Insets illustrate the transformation of the waveguide
modes profile at the diﬀerent sections of the device. (Not drawn to scale.)
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Figure 3: Illustration of the eﬀective-index change for the interact-
ing waveguides for TE and TM modes at various taper widths.
as a function of the waveguide core thickness and the core
refractive index.
In the design of a polarization-independent VC, we need
to ensure that Wr,TE = Wr,TM. As the freedom of deciding
the top waveguide structure is generally determined by the
optical device to which a VC is attached, [54] may be used to
give critical width and eﬀective index of the upper waveguide
for any combination of core thickness and refractive index.
The lower waveguide is then designed separately to match
its eﬀective index to Nc, the eﬀective index of the upper
waveguide at the critical width (i.e., matching the critical
width and the resonant width). Finally, the design work is
followed by the optimization of the taper width profile for the
top waveguide, which yields the acceptable transfer eﬃciency.
As a representative example, we consider the case where
the top waveguide is designed to be a passive device. As such,
the top waveguide core is assumed to have a material index of
3.32 and a thickness of 0.7 µm. For this structure, the critical
width is 1.85 µm. The lower waveguide has a core dimension
of 4 × 3µm2, and the core index is chosen to be 3.25 so that
its eﬀective index isNlow = Nc. For this exemplary design, the
passive device is assumed to be 3.0 µm in width. The transfer
region (taper) is tapered from 1.40 to 2.00 µm over a transfer
length of 150 µm.
The simulation result is shown in Figure 4. The transfer
eﬃciency is found to be greater than 90%. The small
discrepancy in transfer eﬃciency between the TE and TM
polarizations is due to the residual birefringence accumu-
lated over the transfer region. The power oscillations at the
actual device region are due to mode beating between the
upper and lower waveguides that are still weakly coupled.
The oscillations may be reduced by downtapering the lower
waveguide between the transfer region and the actual device
to reduce its eﬀective index further away from that of the
upper waveguide.
3. Design of Polarization Mode Splitters
The VC can be designed as a PMS or filter that allows transfer
of only one polarization between the lower waveguide and
the upper waveguide. The main diﬀerence between the
designs of PMS VC with the polarization-independent VC
is the guiding principle of taper design. For the design
of PMS, we maximize the diﬀerence between the resonant
widths for the TE and TM modes in order to maximize
the diﬀerence in their transfer eﬃciencies. This means that
after the upper waveguide design (as defined by the core
layer thickness and refractive index) is determined by the
device application, the subsequent task is to design the lower
waveguide to yield resonant widths (i.e., intercepting points)
that are as far away from the critical width as possible.
The taper waveguide is then designed such that the initial
and final widths enclose only the resonant width of the
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Figure 4: Transfer eﬃciency and transverse contour plots of the
TE and TM polarization modes as a function of the propagation
distance for an asymmetric-waveguides polarization-independent
VC.
desired polarization. This thereby yields a high contrast ratio
between the two polarizations in the upper waveguide.
Depending on the relative refractive indexes of the upper
and lower waveguides, the resonant widths can occur to
the right or to the left of the critical width. The latter case
is shown in Figure 5, again based on our representative
example except that the lower waveguide now has a core
index of 3.20. In the figure, the dotted curves represent the
eﬀective index of the uncoupled lower and upper waveguides,
while the bold solid curves give the eﬀective indexes of the
supermodes (for TE and TM) for the coupled structure,
showing how the supermodes evolve from the lower to the
upper waveguide as the upper waveguide taper width is
increased. Note that there exists a region, denoted as the
polarization-dependent (PD) region, near the first resonant
width where one of the polarizations has started to transfer
light onto the upper waveguide, while there is not yet any
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Figure 5: Eﬀective indexes as a function of the taper widths for
the confined TE and TM supermodes (bold curves) of the VC
and the individual (uncoupled) waveguides (dotted curves). The
parameters are discussed in the text.
light transfer for the other polarization. It is found that
the farther the resonant widths are from the critical width
and the steeper the eﬀective index curves are, the wider this
PD region will be. The wider the PD region, the better the
contrast ratio will be between the two polarizations.
The design of the case where the resonant widths are
to the right of the critical width tends to have poorer
performance. Note that this is because the PD region in this
case is narrower due to the smaller slope of the eﬀective
index curve. The advantage in this region, however, is that the
resonant widths are somewhat larger, and the taper is easier
to fabricate.
In our exemplary design, the VC structure is the same
as that used for Figure 5, where the upper waveguide core
has a refractive index of 3.32 and a thickness of 0.7 µm,
and the bottom waveguide has a refractive index of 3.20
corresponding to an eﬀective index of 3.189. The resonant
widths are seen to be 0.985 µm (TM) and 1.09 µm (TE).
The transfer region for the TM-preferred case is, therefore,
tapered from 0.90 to 1.00 µm. For the TE-preferred case, the
transfer region is tapered from 1.00 to 1.10 µm. The taper
lengths are 150 µm. The simulation results are presented in
Figure 6. Note that the contrast ratio for the TE-preferred
case is about 6 : 1 (TE : TM = 95% : 16%), and for the TM-
preferred case is about 5 : 1.
The type of device application dictates the upper
waveguide structure, which in turn determines the lower
waveguide refractive index and the initial and final widths
of the taper waveguide. Comparison shows that the active
device, because the core index is generally higher, has a
smaller critical width and, hence, requires a smaller taper
with very small width diﬀerentials. The resulting transfer
ratios indicated for the PMSs are by no means the best that
6 International Journal of Optics
0
0
0.2
0.4
0.6
0.8
1
Propagation distance Z (µm)
Transfer region Actual device
TE-preferred
TM-preferred
50 100 150 200 250 300
R
el
at
iv
e
po
w
er
di
st
ri
bu
ti
on
(a)
TE-filter
TM-filter
TM
TE
0
0
0.2
0.4
0.6
0.8
1
Propagation distance Z (µm)
Transfer region Actual device
50 100 150 200 250 300 350
R
el
at
iv
e
po
w
er
di
st
ri
bu
ti
on
(b)
Figure 6: Transfer eﬃciency for the TE and TM polarization
modes as a function of the propagation distance for an asymmetric-
waveguide PMS as an input stage of (a) a passive device and (b) an
active device.
can be achieved but rather are constrained to some extent by
the practical limits we have imposed on the smallest taper
width.
4. Demonstration of Single-Mesa
Vertical Coupler
The conventional fabrication process of these vertical cou-
plers is not straight forward. The multiple mesas require
multiple photolithography and etching steps, and thus
resulting in a nonplanar structure. Planarization and etch
back are usually required to ease the critical alignment of the
upper waveguide with respect to the lower mesa. Hence, it
is desirable to minimize the number of process steps. In this
section, we propose a single-etch/mesa vertical coupler based
on an underlying slab waveguide and a top ridge waveguide
[58]. The structure of single-mesa VC is quite diﬀerent from
the double-mesa VC presented in the previous section, and,
hence, their comparison is inessential.
Top waveguide
Underlying
waveguide
Transfer region
Spacer
layer
Actual device
Rapid taper
region
Light
propagation
Figure 7: Schematic of single-mesa vertical coupler.
The underlying waveguide consists of a slab material,
in which the weak lateral guiding is given by the loading
eﬀect obtained from the top ridge waveguide. Hence, no
additional fabrication steps are required to define the
underlying waveguide, and the critical alignment between
the two vertically stacked waveguides can be avoided. The
larger, weakly guiding underlying waveguide acts as the input
coupling waveguide while the actual device is on the top
waveguide. Due to the larger and weakly guiding nature of
the underlying input waveguide, it poses the potential of
improving the fiber-coupling loss.
The schematic of the single-mesa vertical coupler is
shown in Figure 7. The two waveguides are separated by
a spacer layer. The top/upper waveguide consists of a
uniform section, which provides the loading eﬀect for the
bottom/lower input waveguide, followed by a linear slow
taper section that acts as the light transfer region to the
actual device. This slow taper section exists to relax the
strict fabrication tolerance for the vertical coupling region.
After that, it is uptapered rapidly over a distance of 30 µm
to the width of the actual device, which is assumed to be
2 µm. This rapid taper section serves as a transition between
the transfer region and the actual device, and it eﬀectively
cuts oﬀ further coupling oscillation between top and bottom
waveguides. The length could be shorter, but the abrupt
change of eﬀective index seen by the light might cause
reflection. 30 µm is found to have a smooth transition. To
show its capability to be integrated with other photonic
device, we further demonstrate an integrated device between
the single-mesa VC and an MMI.
The material structure of the actual device is assumed
to be predetermined by application, and, in our study, the
device waveguide core is assumed to have a material index
of 3.47, a thickness of 0.6 µm, and a width of 2 µm. The
underlying waveguide core is assumed to have an index of
3.40. The spacer, claddings, and substrate are all assumed
to be InP with an index of 3.17. The remaining variable
parameters are the lower waveguide core thickness, the spacer
thickness, the upper waveguide initial and final taper widths,
and the taper length. For the fiber coupling consideration,
we assume a standard single-mode fiber with a mode-field
diameter of 10 µm. From the simulation, as we shall see, an
improvement of 8 dB over direct coupling into the actual
device is obtained with the single-mesa VC.
In the single-mesa VC, the bottom rib waveguide is
responsible for the improvement of fiber coupling. The
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thickness of the bottom waveguide core plays an important
role in deciding the mode profile of the input mode, which
in turn aﬀects the fiber coupling. From our study [58], for a
spacer thickness of 0.3 µm, it is found that the optimum core
thickness is 0.7 µm,which gives a coupling loss of 6.5 dB. This
is an improvement of 8.5 dB compared to direct coupling
into the top waveguide. A reasonably thick spacer layer, such
as in this case of 0.3 µm, is chosen to ease the control of
subsequent selective etching process. Higher spacer thickness
is not preferred so that the overall device height is reduced
(for stronger light transfer and easier epi growth). Thick
spacer layer also tends to weaken the lateral light confinement
at the underlying waveguide. This reduces the fiber coupling
as the waveguide mode becomes more asymmetric.
The loading eﬀect for the bottom rib waveguide is
supplied by the uniform section of the top waveguide.
The waveguide width must not be too wide to shift the
guiding mode to the upper waveguide or too narrow to make
fabrication diﬃcult. With the spacer thickness of 0.3 µm and
bottom core thickness of 0.7 µm, 1 µm is found to be the
optimum width that gives the lowest coupling loss.
As similar to other VCs in the paper, a single-mesa
vertical coupler transfers light to the top waveguide through
resonant coupling. The eﬀective index of (i) underlying rib
waveguide at the present of the uniform region of the tapered
top waveguide, and (ii) top waveguide alone as its width is
varied along the taper is plotted in Figure 8. The eﬀective
indices are polarization dependent due to the asymmetric
waveguide structure; hence, there are two resonant widths,
one for TE polarization and another for TM polarization.
This is quite a diﬀerent phenomenon from previous VCs.
However, we find that if the transfer region (slow taper
region) encompasses both resonant widths and the resonant
widths are close to Wc, then the polarization dependence in
transfer eﬃciency is negligible. For our design in Figure 8,
critical width, TE and TM resonant widths are close to each
other, which is around 1.2 µm.
With the initial taper width fixed at 1 µm for reasons
given previously, the final width of the transfer region is
varied to maximize the transfer eﬃciency. The transfer
eﬃciencies as a function of the final taper widths are
calculated. The transfer length is fixed at 150 µm. It is found
that at the final taper width of 1.3 µm, the transfer eﬃciencies
for both polarizations are more than 80% and are almost
equal. This width, together with the initial taper width,
encompasses the resonant widths and the critical width of
around 1.2 µm. We also found that the transfer eﬃciency is
higher and less sensitive to the final width for larger taper
length due to the adiabatic coupling that occurs in a longer
transfer region. Hence, to achieve amore compact and robust
device, the transfer length of 150 µm is chosen in our design.
The 3D-FDBPM simulation results for the above-
optimized results are shown in Figure 9. At the initial region,
the overlap integral with the eigenmode of the top waveguide
is not zero because the rib waveguide is quite heavily loaded,
such that the input mode fields are extended slightly into
the top waveguide. It can be seen that the TM polarization,
which has the dominant electric field in the vertical direction,
couples more strongly and rapidly to the upper waveguide
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Figure 8: Eﬀective index of the upper and the lower waveguides,
for TE and TM polarizations, when the upper waveguide width is
changed. The top waveguide width has a core index of 3.50 and
thickness of 0.6 µm. The lower core material index is assumed to
be 3.42, with a thickness of 0.7 µm. The spacer thickness is 0.3 µm.
than the TE polarization, possibly due to the larger overlap
between the two waveguide modes. For TM polarization
alone, shorter transfer region could be expected, but in
order to minimize the device polarization sensitivity, longer
transfer region is designed instead. In the actual device
region, some back coupling is observed because of the mode
beating between the two weakly coupled waveguides. Lower
beating could be achieved by further optimization of the
actual device layer, which is beyond the scope of this paper.
It is also found that the device performance is relatively
broadband by having a bandwidth of 10 nm, similar to our
previous reported results [54].
The fabrication of the single-mesa structure is much
simplified than the conventional double-mesa VC, where
only one round of ridge waveguide fabrication process is
carried out. The epitaxy wafers are purchased commercially
with the layer structure as described previously. The epi-
taxy samples are first deposited by Unaxis Nextral D200
plasma-enhanced chemical vapor deposition (PECVD) SiO2,
which acts as the etch mask for subsequent waveguide
etching. Then, the waveguide patterns are transfer through
photolithography process using an electron-beam-written
photomask for better dimension fidelity. The mask aligner
used is the Suss MJB4. Oxford Plasmalab 80Plus reactive
ion etching (RIE) is then used to etch the SiO2 etch mask,
and the exposed InP compound underneath is etched by
Cl2/CH4/H2 plasma recipe developed previously [59] with
an Oxford Plasmalab 100 inductively coupled plasma (ICP)
system.
In the fabrication, series of single-mesa VCs with slight
deviation (±10%) in the waveguide dimensions are fabri-
cated. Each one is fabricated side by side with (i) a rib waveg-
uide, that is, the underlying waveguide with the presence of a
8 International Journal of Optics
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Figure 9: Contour plot showing the light transfer to the top
waveguide (Y > 1 µm), for TE and TM polarizations along the
propagation distance.
uniform 1 µm top waveguide and (ii) the integrated VC and
1× 2MMI device. This is to facilitate testing and verification
of the VC and the integrated device. Although variation
is incorporated into the device dimension, in the actual
fabrication, the dimension of the devices could still deviate
from the designed values due to the process resolution
and environment. The deviation of dimension is probably
not critical for the MMI, as MMI is a robust device and
allows larger fabrication tolerances. However, for the vertical
coupler, this is not the case. Nevertheless, by tuning the
operating wavelength, the intersection of the eﬀective index
curves can be tuned, and, therefore, the phase matching
condition could be adjusted to fit within the taper region.
Experimentally, it is found that at the operating wave-
length of about 1530 nm, the performance of the vertical
coupler is optimum. The mode profile of the output from
the rib waveguide (i.e., the top waveguide is uniform with
a width of 1 µm) is shown in Figure 10(a), where we can
see that the mode profile is relatively larger. The mode
profile shows a tail at the top, which is a typical mode
shape for a rib waveguide. At the output of the tapered top
waveguide, themode profile is smaller and dimmer, as shown
in Figure 10(b). In one of the devices, insertion losses of
about 13 dB and 21 dB for the underlying waveguide and
vertical coupler, respectively, are obtained. The chip/total
device lengths are about 2mm.
From our measurement of the propagation loss for the
underlying waveguide with Fabry-Perot method [60], the
propagation loss is only about 0.4 dB/cm, probably because
in the rib structure, there is much less light scattering at
the waveguide sidewall. If the propagation loss at the short
underlying waveguide is negligible, then the fiber coupling
loss is about 13 dB, which includes the facet reflection loss.
With this, we can estimate that the transfer loss and the
(a)
(b)
(c)
Figure 10: Measured output mode profiles from (a) underlying
rib waveguide, (b) single-mesa vertical coupler, and (c) integrated
device of single-mesa VC and 1× 2MMI.
propagation loss in the top waveguide is about 8 dB, and they
are inseparable. Based on these data, we can also estimate that
the minimum transfer eﬃciency we could achieve is 16%.
We also demonstrate the integration of the single-mesa
VC with a 1 × 2MMI. The MMI body is 8 µm in width and
69 µm in length. The input port is placed at the centre of the
MMI, while the output ports are placed symmetrically about
the centre of theMMI, with a 4 µm separation amongst them.
With this configuration, symmetric restricted interference is
induced in the MMI [61], giving a compact MMI structure.
In Figure 10(c), we show the output mode profiles from the
1 × 2MMI. The imbalance in the mode intensities is due to
the slight imperfection of the cleaving at the output facet.
The output powers at the two ports give a splitting ratio
of almost 50 : 50 and an overall device insertion loss (VC +
MMI) of about 19 dB.
5. Conclusion
This paper presented a review of systematic approach to the
design of compact VC mode-size converters with variable
International Journal of Optics 9
polarization dependence. The design principle is based
on resonant coupling between the top-tapered waveguide
and the underlying uniform and large waveguide. As a
PI coupler, the VC is designed so that resonant transfer
occurs near the critical width where the upper waveguide is
nonbirefringent, and the transfer eﬃciency is greater than
90% for both TE and TM polarizations over a length as
small as 150 µm. More generally, the VC is polarization
dependent because the resonant widths and the critical width
do not coincide, and, by varying the spacing between them,
we can design a polarization-dependent coupler with an
arbitrary ratio between the TE and TM transfer eﬃciencies.
In the limiting case of a polarization-mode splitter, equally
compact polarization splitters with a contrast ratio of 20 dB
can be achieved. We further demonstrate experimentally
the single-mesa VC, which simplifies the fabrication process
and potentially could improve the process yield, and its
integration with a multimode interferometer (MMI). The
versatility makes the VC a compact and useful input-
stage device that not only maximizes input/output coupling
eﬃciency to small active devices but also provides a degree of
polarization control before the actual device.
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